Severe hypertension can lead to irreversible kidney failure and end-stage renal disease (ESRD) and vice versa. Patients are often classified as hypertensive ESRD with no confirmative proof and the true cause of disease can therefore be missed, affecting outcomes. We present a case of chronic thrombotic microangiopathy (TMA) after kidney transplantation in a recipient who had been classified as hypertensive ESRD and found to have a genetic defect in CD46, a transmembrane protein that regulates complement activation, indicating atypical hemolytic uremic syndrome (HUS). The pathogenic variant in CD46 was also found in the mother who donated the kidney, indicating that the TMA occurred on the background of atypical HUS instead of severe hypertension. The patient died from disseminated cancer originated in the mother's kidney. Knowledge of the genetic background would have prevented recurrent disease and the cancer to occur. Patients classified as hypertensive ESRD suspect for TMA should therefore be screened for variants in complement genes to make informed decisions and save kidneys.
Introduction
Kidney transplantation remains the preferred treatment for patients with end-stage renal disease (ESRD) [1] . Knowledge of the native kidney disease, however, is critical to the prognosis after transplantation.
Patients presenting with ESRD and severe hypertension often have been classified as hypertensive ESRD with, unfortunately, no confirmative proof, assuming that the kidneys are the victim rather than culprit of disease. Recently, we demonstrated that defects in complement regulation can be the key causative factor of ESRD among patients with severe hypertension and thrombotic microangiopathy (TMA) on kidney biopsy, indicating atypical hemolytic uremic syndrome (HUS) instead of hypertensive ESRD [2] . The complement defects can be caused by variants in genes encoding proteins that either regulate or activate complement and/or autoantibodies that inhibit regulatory proteins, lowering the threshold for TMA to manifest. Importantly, the risk of recurrent TMA and graft failure is high in patients with atypical HUS [3] , underscoring the importance of a correct diagnosis in the native kidney.
Here, we present a patient with a clinical history of presumed hypertensive ESRD who developed recurrent TMA on the background of an ultrarare variant in CD46 after kidney transplantation, indicating atypical HUS. We discuss the implications of our observations to improve the prognosis of patients presenting with ESRD and severe hypertension.
Case Presentation

Clinical History and Initial Laboratory Data
In 2006, a 40-year-old man with a history of controlled hypertension and urinary abnormalities for 10 years was admitted to our hospital because of severe hypertension, headache, fatigue, and ESRD. He used ramipril and no other drugs. Blood pressure (BP) and pulse were 205/114 mm Hg and 69 beats per minute, respectively; electron cardiograph showed characteristic changes of left ventricular hypertrophy. The laboratory data have been depicted in Table 1 . Serum creatinine was 13.5 mg/dL, and Coombs negative microangiopathic hemolytic anemia was present. Proteinuria of 2,300 mg per day but no hematuria or pyuria was found on urinalysis. Nine months earlier, serum creatinine was 1.2 mg/dL. There was no known family history of kidney disease or hypertension. Malignant nephrosclerosis was clinically inferred and labetalol was administered, leading to rapid BP control. No renal response was achieved, and a kidney biopsy was performed. The key pattern of disease on kidney biopsy was membranoproliferative GN with secondary focal segmental glomerulosclerosis and typical features of severe as well as long-standing hypertension, that is, mucoid intimal edema and arteriolar hyalinosis (Fig. 1 ). Thrombi were not present. Testing for antinuclear and antiphospholipid antibodies, complement levels, and infections were unremarkable; the patient denied illicit drug use. Hypertensive ESRD was therefore diagnosed.
In 2007, he received an allograft from his mother with immediate function; tacrolimus, sirolimus, and prednisolone were started to suppress allograft rejection. Five years after transplantation (i.e., 2012) when on tacrolimus monotherapy (trough levels, > 4 ng/ mL), nonhypertensive acute allograft failure (serum creatinine 2.8 mg/dL), and proteinuria of 2,200 mg per day developed (Table 1) . Donor specific alloantibodies and infections (i.e., cytomegalovirus, hepatitis C virus, and parvovirus B19) were not found. Because of a persistent and unexplained increase in serum creatinine, a kidney allograft biopsy was performed. Again, membranoproliferative GN with moderate-to-severe interstitial fibrosis, tubular atrophy, and intimal fibrosis were present; thrombi, tubulitis, and cap- illaritis of the peritubular capillaries were not found. Neither C4d nor immune-complex deposits were found, suggesting transplant glomerulopathy.
Additional Investigations
The morphologic pattern in the native and donor kidney, however, can be found in the setting of chronic TMA. Most cases of recurrent TMA have been linked to genetic complement defects, and thus atypical HUS [3] . DNA sequencing of complement genes, indeed, revealed a heterozygous frameshift variant in CD46 (c.811_816delGACAGT, leading to p.Asp271_Ser272del) and a missense variant in CFH (c.2,850G>T, leading to p.Gln950His). The ultrarare (i.e., minor allele frequency of < 0.01%) variant in CD46 has been classified as pathogenic [4] , while the variant in CFH is rather common (i.e., minor allele frequency of ≥0.1%) and not linked to a defect in complement regulation [5] . Also, the CFH-H3 haplotype and ΔCFHR1-CFHR3 were found in heterozygosity.
No variants were found in CFI, CFB, C3, THBD (i.e., thrombomodulin), and DGKE (i.e., diacylglycerol kinase ε) as well as rearrangements in the CFH-CFHR1-5 genomic region.
TMA recurrence after transplantation is uncommon in patients with variants in CD46, since CD46 is expressed by the donor kidney's endothelium. The CD46 variant but not CFH-H3 haplotype was traced in the donor who is nowadays 81 years of age and never developed TMA (Fig. 2) ; chronic kidney disease stage 3b, however, developed after kidney donation and remained stable ever since.
Diagnosis
Recurrent atypical HUS after kidney transplantation on the background of a variant in CD46.
Clinical Follow-Up
The patient had been retransplanted with a living-unrelated allograft and because the variant in CFH is not linked to atypical HUS, prophylactic therapeutic measures were not needed. Macroscopic hematuria, however, developed, while the allograft function remained stable. The urologic work-up demonstrated a urothelial carcinoma originating from the mother's kidney as confirmed by fluorescence in situ hybridization. Prior to retransplantation, however, a routine computed tomography scan of the abdomen showed no tumor mass in the donor kidney. The patient died from disseminated disease 2 years later.
Discussion
We present a case of chronic TMA that reoccurred after kidney transplantation on the background of a defect in complement regulation, that is, atypical HUS, in a patient assigned to have hypertensive ESRD. The complicated disease course, however, would have been prevented by a correct diagnosis and proper donor selection. Unfortunately, in our experience, several patients with atypical HUS have been misdiagnosed as hypertensive ESRD [2] , affecting kidney survival.
TMA within the renal vasculature can induce severe hypertension, and vice versa, making the identification of atypical HUS in patients with severe hypertension challenging; this is particularly the case in patients not presenting with systemic hemolysis [6] . In these cases, a confirmatory kidney biopsy is the first step to detect the TMA. TMA warrants screening for thrombotic thrombocytopenic purpura and Shiga toxin-induced HUS. In addition, secondary causes, including autoimmune disease, infection, cancer, and drug use, should be screened for. If none of these causes can be identified, atypical HUS should be considered and differentiated from TMA due to severe hypertension as the sole cause of disease. The differentiation between both, however, has not been delineated in clinical algorithms [7] .
Routine complement tests and markers of complement activation, such as C5a and soluble C5b9, lack sensitivity and specificity and are therefore not suitable to diagnose atypical HUS [6, 8] . It remains to be established whether features on kidney biopsy can define etiology [9] . Larsen et al. [10] proposed that patients with mucoid intimal edema, which has been thought to be characteristic for severe hypertension, are at risk for atypical HUS only if active lesions, including glomerular thrombi, are present. This, however, can lead to failure to identify patients with atypical HUS. As in the current case, pathogenic variants in complement genes can confirm the diagnosis in ∼60% of patients [11, 12] .
Complement activation via the alternative pathway is a physiological process that is tightly controlled by complement regulatory proteins to prevent damage to the self. Factor H, factor I, and/or CD46 among other proteins are required to control activation of the alternative pathway and prevent the formation of new convertases and C5 activation. The activation of C5 is key for atypical HUS to manifest [13] . The patient's mutation in CD46 has been demonstrated to reduce the expression of CD46 on the endothelium [4] , lowering the threshold for C5 activation. Moreover, the CFH-H3 haplotype affects the penetrance of atypical HUS in carriers of complement gene mutations [14] , which might explain the benign phenotype of the patient's mother who lack the at-risk haplotype.
BP control, obviously the cornerstone of treatment, is effective for patients with TMA caused by severe hypertension [15] but not for those with atypical HUS [6] . ESRD can be expected in about half the patients with atypical HUS, if left untreated, during the first year [8, 11] . The phenotype of patients with a single defect in CD46, however, is rather benign and often is localized to the kidneys, although relapses are common [11, 12] . In our case, we therefore assume that ESRD developed on the background of smoldering disease activity as substantiated by his previous medical history and the presence of chronic rather than active TMA on kidney biopsy; hypertension, however, can aggravate complement activation [16] and TMA, leading to a vicious circle via ischemia and activation of the renin-angiotensin system. Furthermore, renin can enhance complement activation via cleavage of C3 [17] .
TMA recurrence after kidney transplantation has been linked to atypical HUS and, in particular, to patients with rare variants in CFH, CFB, C3, and to a lesser extent CFI [3] . Patients with an isolated defect in the gene encoding the transmembrane protein CD46 have a low risk of recurrence because the donor kidney typically expresses wild-type CD46, correcting the defect. The expression of CD46, however, was reduced in the kidney donated by the recipient's mother, explaining disease recurrence. In potential recipients with "hypertensive" ESRD and proof or a high suspicion of TMA, genetic testing is instrumental to make informed decisions and to adopt suitable prophylactic measures. Living kidney donation should be preferred to limit ischemia-reperfusion injury and complement activation, reducing the risk of early recurrence. Living-related kidney donation, however, carries a risk for recurrence in the recipient and de novo disease in the donor and is therefore feasible only if the potential donor does not carry an at-risk genetic variant. In addition, the importance of lower target level tacrolimus and adequate antihypertensive treatment should be acknowledged [18] .
The higher cancer risk in kidney transplantation has been attributed to the long-term use of immunosuppressive agents and infections [1] . The normal appearance of the donor kidney on computed tomography scan prior to retransplantation indicated that the malignant transformation occurred on the background of immunosuppression. In the current case, a correct diagnosis in the native kidney and consequently, proper donor selection, would have prevented the cancer to occur.
In conclusion, atypical HUS can be missed in patients assigned to have hypertensive ESRD. Pathologic data often are needed to detect the TMA but cannot differentiate atypical HUS from TMA caused by severe hypertension. Patients classified as hypertensive ESRD suspect for atypical HUS and those selected for kidney transplantation should be screened for rare variants in complement genes to make informed decisions. Furthermore, genetic screening of potential living-related donors is indicated prior to kidney donation.
